The probability of fractures of the cortical shell of vertebral bodies increases as ageing progresses. Ageing involves all the spinal component changes. However, the effect of the spinal component ageing on the fracture risk of the cortical shell remains poorly understood. In this study, the influence of the ageing of the spinal components on cortical shell strain was investigated. A lumbar spinal specimen (L3-L5) was mechanically tested under a quasi-static axial compressive load. Clinical computed tomography images of the same specimen were used to create a corresponding finite element model. The material properties were determined by calibrating the finite element model using the L4 cortical shell strains of the anterior centre measurement site. The remaining experiment data (axial displacement, the intra-discal pressures, L4 cortical shell strain on the lateral measurement site) were used to evaluate the model. The individual ageing process of the six spinal components (cortical shell, cancellous bone, bony endplate, posterior elements, nucleus pulposus and annulus matrix) was simulated by changing their Young's moduli and Poisson's ratios, and the effect on cortical shell strain was investigated. Results show that the cortical shell strain is more sensitive to the ageing of the cortical shell and the cancellous bone than to the ageing of the nucleus pulposus, the annulus matrix, and the bony endplates and of the posterior elements. The results can help the clinicians focus on the aspects that mainly influence the vertebral cortex fracture risk factor.
Introduction
The cortical shell (CS) plays an important role in the load-bearing capacity of the vertebral body. As agerelated bone mass loss progresses, the load-carrying role of CS increases significantly, 1 making the cortex more vulnerable to fractures. Nalla et al. 2 found that the fracture in bone is locally strain-controlled and consequently strain-based failure criterion is always adopted for human cortical bones. 3, 4 Kayanja et al. 5 found that the strain distribution along the cortex may be predictive of impending fractures. Therefore, understanding the factors which can influence the cortical strain could help reduce the risk of cortex fractures.
The normal ageing process is accompanied by changes in all components of a functional spinal unit (FSU). The earliest age-related degeneration occurs in the intervertebral disc and this degeneration starts with a dehydration of the nucleus pulposus (NP), followed by stiffening of the annulus fibrosus and decreased disc height. 6 The ageing process also involves the loss of bone mineral density (BMD) possibly leading to osteoporosis. Previous authors used the finite element (FE) method to simulate the formation of osteoporosis, 7 the intervertebral disc degeneration 8 and the ageing of one FSU. 9 Their approach is to modify either only the material properties or both the geometry and material properties of involved tissues. However, if several parameters in one model are changed to simulate the ageing scenario, it is questionable how the variations of each individual parameter influence the overall results. In terms of fracture prediction, this would be the CS strain. Due to the experimental limitations, it is difficult to mimic the individual in vivo ageing of spinal components in vitro and consequently it is still unclear how the ageing of each spinal component influences the probability of CS fracture. Therefore, the purpose of this study is to investigate the CS strain changes due to the ageing of each spinal component using a FE model.
Materials and methods

In vitro axial compression testing
A lumbar spinal specimen (L3-L5) from a 37-year-old male donor was harvested for mechanical testing. No visible degenerations were observed on the spine, and diseases influencing the muscular-skeletal system were not present. The specimen was wrapped into a towel moistened with physiological salt solution, doublesealed in plastic bags and kept frozen below 220°C until testing. The specimen was thawed at room temperature for about 10 h before preparation. Muscles and the intertransverse ligaments were removed. Care was taken not to injure the intervertebral discs and the remaining ligamentous soft tissues. The superior (L3) and inferior (L5) vertebrae were potted into stainless steel fixtures. A polyurethane resin was chosen for potting (RenCast Ò , FC 53 Isocyanate FC 53 Polyol, Huntsman Advanced Materials GmbH, Basel, Switzerland). The lateral right and anterior centre area of the L4 cortex were cleaned and prepared for strain gauge application. Triple strain gauge rosettes were glued on both strain measurement spots (WK-13-060WR-350, Vishay Micro-Measurements, Raleigh, NC, USA; Figure 1 ). Needle pressure transducers were inserted in both discs approaching from the ventromedial direction (Model 8CT/4F/SS, Gaeltec, Isle of Skye, Scotland). Care was taken to place the tip in the centre of NP. After preparation, the specimen was mounted in a servo-hydraulic material testing system (MTS Bionix 858.2, MTS Corp., Eden Prairie, MN, USA). The lower fixture of the specimen was rigidly fixed to a 6-degree-of-freedom load-cell (Model No. 30031, Huppert, Herrenberg, Germany). The upper fixture was only allowed to move in the vertical and the spinal anterior-toposterior directions (2 degrees of freedom).
Compressive axial loading cycles from 0 N to 2 kN and back to 0 N with a cyclic duration of 200 s were performed in order to achieve the quasi-static loading, which is the underlying basis for all activities like changing posture or carrying any kind of loads. Two loading cycles were performed in order to fade out the transient responses which were caused by the initial start of the experiments. 10 Then after the complete testing scenarios (shear, dynamic, etc.), the quasi-static loading was repeated but further changes could not be observed. Therefore, in this article the data from the second loading cycle were processed for the strain analysis.
The outputs from the mechanical testing were axial displacement (superior-inferior direction), pressures on both intervertebral discs and strains from the two strain gauge rosettes. The strains measured were transferred to the principal strains. The FE vertebral model ( Figure 2 ) consisted of the CS, the cancellous bone (CB), the bony endplates (BEs) and the posterior structures with the facet joints. The endplate cannot be clearly segmented from the clinical CT images. Therefore, the thickness of the endplates was taken from literature and set to 0.8 mm. 11 The thickness of the CS was estimated from the CT images and set to 1.4 mm for the anterior and 1.2 mm for the posterior part. The FE facet joint model included the subchondral bone, the capsular ligaments and the articular cartilage. Joint contact was simulated using the surface-to-surface contact method, which is a general contact formulation integrated in Abaqus to model contact between two surfaces. In this article, it is used to simulate the contact between the two articular cartilage surfaces. Joint friction was assumed to be 0. 12 Cartilage thickness was set to 0.2 mm. 13 For each facet joint, 26 capsular ligaments were modelled and each ligament was represented by three-dimensional (3D), unidirectional, non-compressible truss elements with a cross-sectional area of 48.4 mm 2 . 14 The FE intervertebral disc model ( Figure 3 ) consisted of the NP and the annulus, whereas the annulus was assumed to be composed of a homogeneous matrix reinforced by a collagen fibre network. Six crisscross fibre layers were defined in the radial direction. The angulations of the fibres varied from 623°(to the horizontal plane) at the posterior side to 643.5°at the anterior side. 15 The relative volume content of the fibres with respect to the surrounding matrix was assumed to vary from 23% at the outermost layer to 5% at the innermost fibre layer. 16 The cross-sectional areas of annulus fibres were calculated based on the fibre volume fraction assumed for each layer, the number of fibre elements used, the length of the fibres and the volume of each annulus layer. The calculated fibre crosssectional areas for each layer are listed in Table 1 . The collagen fibres were represented by 3D, unidirectional truss elements with no compression feature (T3D2). The internal structure of the disc could not be determined from CT images. The ratio of the NP volume to the total disc volume was assumed to be 31.2% (L3-L4) and 32.1% (L4-L5), which match the reported values. 17 The NP was shifted posteriorly by 3.8 mm from the disc centre 18 and modelled as an incompressible material.
The developed spine model was meshed with 204,114 elements ( Figure 4 ). To check the mesh convergence, a second FE model was developed, where the meshes in the anterior part (anterior body and intervertebral disc) of the spinal segment were refined. The element size in the spinal posterior and the fixation parts is around 1.2 mm and quadratic element C3D10 is used for these two parts to increase the accuracy. Besides, these two structures do not play a big role on the CS strains under the small compression scenario. Therefore, the meshes in these two parts were not refined in the convergence analysis. Due to the special modelling technique applied in the FE model, there is no individual solid for each component (CB, CS, NP, etc.). Therefore, remeshing the solids into different mesh densities cannot be applied in the model. Nevertheless, the element 'split' function in HyperMesh was used to split one element into four elements. This resulted in a refined model ( Figure 5 ) with 552,896 elements and this model is referred as 'model B'. The model with 204,114 elements is referred as 'model A'. The output data from these two models were compared ( Table 2 ) and it can be seen that the difference was less than 5% in all parameters. Therefore, 'model A' was considered converged and was used in this article because of its less computation time.
Determination of the material property parameters. There are 11 components (CS, CB, posterior elements (PE), BE, annulus matrix (AM), annulus fibres, NP, capsular ligaments, facet joint cartilage, Polyol resin and metal fixation) in the formulated FE model. The material properties of each component are assumed to be linear elastic and isotropic, which yields 22 independent parameters, that is, Young's modulus and Poisson's ratio for each component. Poisson's ratios are assumed to be single values and are taken from the literature. Young's moduli for polyurethane resin and the metal fixation are taken from the literature. Young's moduli for the spinal components are specimen specific and were determined using the method below.
First, based on the fact that the tested specimen was from a young healthy donor, Young's modulus ranges for all spinal components were taken from the literature. Since the interest in this study is the strain changes in the L4 CS, a Young's modulus sensitivity study of the L4 CS strain was performed. Appropriate boundary conditions were applied in the FE spinal model to simulate the in vitro mechanical test situation. The principal strains on the outer surface nodes of the FE mesh, which were covered by the respective strain gauge rosette in the experiment, were averaged. Then Young's moduli of the spinal components were varied individually and the resulting principal strains were compared. The sensitivity study showed that Young's modulus variations of the PE, the BE, the annulus fibres, the capsular ligaments and the facet joint cartilage had little influence on the L4 CS strain. This justified the use of the typical values from the literature. After Young's modulus sensitivity study, the remaining uncertain parameters were Young's moduli of the CS, the CB, the AM and the NP. A calibration study was performed to determine their values, and the experimental data of L4 CS strains in the anterior centre position were used. Based on the literature 9, 14, [19] [20] [21] [22] and the fact that the created model is from a young and healthy male donor, the ranges for varying Young's moduli of the CS, the CB, the AM and the NP were MPa and [0.1, 3.4] MPa, respectively. The calibration process was stopped when both predicted strains best matched the corresponding experimental strains ( Table 3 ). The determined material properties are listed in Table 4 .
Numerical simulation of the spine ageing
The evaluated FE spinal model was used to investigate the effect of the age-related changes of each spinal component on the CS strains. The age-related changes of the bony components were simulated by reducing their Young's moduli. For the fully aged bone, a decrease by 66% of Young's modulus for the CB and by 33% for the remaining bony structures was applied. 30, 31 Young's moduli chosen for the mildly aged bone were linear interpolated between the healthy and fully aged bone. 31 This yielded a 50% decrease of Young's modulus for the mildly aged CB and a 25% decrease for the remaining bony structures. This spine ageing simulation technique and similar bone modulus values can be found in Polikeit et al., 7 Kurutz and Oroszva´ry's 9 studies.
The age-related degeneration of spinal disc involves the dehydration of nucleus and the hardening of both nucleus and AM. Due to dehydration, the nucleus is changing from an almost incompressible gel-like substance to a more fibrous tissue. This phenomenon is simulated by decreasing Poisson's ratio of NP. The hardenings of nucleus and AM were modelled by increasing their Young's moduli. 9, 32, 33 Young's moduli of the six spinal components under different grades of Hex represents hexahedron and Tetra represents tetrahedron. ageing are listed in Table 5 . For the mildly and fully degenerated NP, Poisson's ratios were set to 0.4 and 0.3, 9 respectively, which corresponds to the bulk moduli of 2.67 MPa and 2.33 MPa. The individual ageing of the six spinal components including CS, CB, PE, NP, AM and BE was simulated using the evaluated FE model. For the ageing simulation of each spinal component, its material properties were modified from the healthy state to the mildly aged and further to the fully aged states, while the elastic constants of the other components were kept in the healthy state. The loading and boundary conditions were kept the same as those used in the mechanical testing.
Results
Experimental testing results
The principal strain distributions on both measurement spots are plotted in Figure 6 , where both the magnitudes and angles of the principal strains are shown.
Evaluation of the FE model
The loading and boundary conditions applied in the mechanical testing were simulated in the FE model. The experimental data of the axial displacement, the intra-discal pressures and the principal strains at the lateral right strain measurement spot were used to evaluate the calibrated FE spinal model. The evaluated result is shown in Table 6 . It can be seen that the developed FE spinal model gives good predictions of the specimen behaviour under axial compression. The evaluation of the FE model is related to a young and healthy case.
Effect of the spinal ageing on the CS strains
The principal compressive and tensile strains in the anterior centre area from each simulation are plotted in Figure 7 . The strains in the lateral right area are plotted in Figure 8 .
The ageing of the CS increased both the principal compressive and tensile strains on both measurement spots (Figures 7 and 8) . The ageing of the CB increased the principal tensile strain in the anterior centre area and increased the principal compressive strain in the lateral right area. The degeneration of the NP decreased the principal tensile strains on both measurement spots, but increased the principal compressive strains on both measurement spots. From Figures 7 and 8 , it can be concluded that the CS strains were more sensitive to the ageing of the CS and the CB than to the ageing of the NP, the AM, the BE and the PE.
A stress-related mechanical analysis was also performed. Since the principal compressive strains are of more interest than the tensile strains, only the principal compressive stresses were investigated (Figure 9 ). It can be seen from Figures 7 to 9 that the compressive stresses have a correlation with the corresponding compressive strains and the sensitivity of the compressive stresses to the individual component ageing is similar to that of the compressive strains. However, this Figure 6 . Principal strain distributions on the two measurement spots. The rectangular represents the strain gauge rosettes. The compressive principal strains and the tensile principal strains are also shown. 
Discussion and conclusion
This study showed that the CS strains are more sensitive to the ageing of the CS and the CB than to the ageing of the NP, the AM, the endplate and the PE. Although the above phenomenon is based on the calculations where the specimen was only under elastic deformations, it is assumed that all the strains will increase proportionally with the increase in applied load until the failure strain is reached. Among vertebral deformities, the prevalence of wedge fractures is the highest among others, 34 which makes the vertebral anterior cortex a site of interest for understanding the vertebral fracture mechanisms. This study indicates that the age-related material property changes of the cortex and CB are the two main factors that influence the cortex fracture risk factor, and the age-related material property changes of the disc are not a major concern to the cortex facture -at least in a quasi-static loading scenario. The age-related material property changes of the cortex and CB are due to the BMD loss. 31 Therefore, to reduce the cortex fracture risk factor, measures of slowing the BMD loss or maintaining and increasing BMD should be taken, for example, supplementation of vitamin D, 35 taking bisphosphonate for an appropriate term 36 and so on. Comparing the measured strain data with those measured by Hongo et al. 37 and Shah et al., 38 it can be found out that our data are mostly within the ranges of Shah et al.'s measurements but are smaller than Hongo with the age ranging from 16 to 41 years. Furthermore, the strain gauge attachment locations and the testing protocol could also contribute to the differences. However, the same strain distribution trends were found among these three studies, that is, the compressive strains are bigger than the tensile strains when measured at the same location; both compressive and tensile strains are bigger in the lateral right spot than those in the anterior centre spot.
The strain gauge technique to investigate the strain distribution on human spine has been used by several authors. [37] [38] [39] However, due to the experimental limitations, experiments only deliver local insight into the structure. FE modelling has become an important tool for analysing and predicting the stress and strain in bone because it delivers both local and global information about spinal mechanics. Experimental validation is needed to determine the quality of FE predictions. In most experimental spinal investigations, only global parameters were measured, for example, the range of motion (ROM) and the reaction force or the intradiscal pressure. Consequently, the developed FE models 13, 40, 41 were evaluated and applicable only with respect to these parameters. However, these parameters mainly focus on the intervertebral disc and are hardly adequate for evaluating the deformation of vertebral body. To do so, several researchers [42] [43] [44] have used the localized strain data measured on the vertebral body. However, it can be assumed that the strain data from one localized area are inadequate to provide a rigorous evaluation on the CS deformation. In this study, the spinal FE model was evaluated not only by the global parameters but also by two localized CS strains. The other advantage of this study is the experiment testing design. Bisegment spinal specimen is used instead of embedding one vertebral body in the metal fixation. The loading is transferred to the investigating vertebra via two intervertebral discs, which makes the strain distribution of the investigating vertebra closer to the in vivo situation.
Some limitations of this study have to be discussed. First, linear elastic, isotropic materials were used for all the spinal components. However, experimental studies showed that cortical bone is orthotropic, 45 CB is anisotropic and heterogeneous, 46 and intervertebral disc is biphasic. 47 Consequently, anisotropic elasticviscoplastic bone model 48 and porohyperelastic disc model 49 are available in the literature. Experimental work showed that the intervertebral disc has a linear region within 20% strain 22, 47, 50 and the disc degeneration makes the elasticity more linear. 32 In this article, the maximal strain occurred in the disc is around 20% when the spinal segment is under 2KN axial compression load. Furthermore, the viscoelastic properties could be ignored in the quasi-static loading scenario when the transient responses have faded out. 10 So in this study, linear elastic materials for the disc could be appropriate. However, for more complex loading scenarios (dynamic, multiaxial, etc.), the use of advanced material properties in the FE model would be needed to account for the in vitro and in vivo condition. Second, in the FE spinal model, the thickness of CS was estimated from the clinical CT images, which make the cortical wall thicker. It is highly likely that the CS strain has a big correlation with the CS thickness. However, in this model which is evaluated by the strain measurements, the thickening of the CS is compensated by the decreased Young's modulus. This compensation might not severely influence the conclusion made in this article. In future, it would be interesting to create a geometrically accurate spinal model from highresolution CT images to verify this assumption. Third, the endplates anatomically consist of two parts: the high-strength external ring (BE) and the low-strength internal circular cartilaginous endplate covering the inner two-thirds of the annulus and the entire NP. However, in this study the cartilaginous endplate was treated as BE. As the material moduli and their agerelated reduction ratio of the cartilaginous endplate are similar to that of the CB, consequently, their effect on the vertebral strain could be different from that of the applied BE. The future FE spinal model should be refined to incorporate both the bony and cartilaginous endplates into the model. Finally, in this study the agerelated changes were simulated only by modifying the material properties of spinal components. However, the spinal ageing is also associated with some geometrical parameter alterations, for example, the decrease of disc height, 51 the decrease of the diameter of nucleus 6 and so on. All these aspects have to be considered in the future to yield more realistic simulations of spinal ageing.
In conclusion, this article demonstrated that the vertebral CS strain is more sensitive to the ageing of the cortex and CB than to the ageing of the NP, the AM, the BEs and of the PE. Therefore, to reduce the cortex facture risk factor due to ageing, people should focus more on slowing the BMD loss or maintaining the BMD, for example, supplementation of vitamin D and bisphosphonate, and so on.
